ABSTRACT: Determining whether seed production is limited by pollen availability has been an area of intensive study. Past studies have focused largely on terrestrial species with biotic pollination modes, but precise causes and consequences of pollen limitation remain unknown. Here, sex ratio, seed production, seed recruitment, and viability were examined in intertidal populations of a dioecious, abiotically pollinated marine angiosperm, Phyllospadix torreyi (Torrey's surfgrass). Using field surveys and a common garden experiment, this study was conducted near Santa Barbara, California, USA, from 2007 to 2008. Reproduction and recruitment of P. torreyi primarily occur near the parental source (tens of meters) because female reproductive success ratio (RSR, measured as the ratio of fertilized ovules to total ovules) increased with local pollen production (RSR range: 0.02−0.71), and seed recruitment was predicted by local (site) seed production and elevation zone within the intertidal. Low RSR at sites with extreme male rarity (< 0.3 male flowering shoots m −2 ) suggests that pollen limitation is occurring within this system. Seed recruitment was predicted by local (site) seed production and elevation zone (area of potential seed recruitment within the intertidal). The occurrence of seed production and recruitment at sites with extreme male rarity suggests some dispersal of seeds and pollen extending beyond the immediate vicinity of the site. Pollen or seed dispersal over longer distances, although rare, may reduce habitat fragmentation by facilitating colonization of newly available habitat. Localized pollen availability affected seed quantity but not quality; seed germination and growth were uniform among sites. 
INTRODUCTION
sex ratio theory argued that for panmictic populations, evolutionary forces should maintain sex ratios at an 'unbeatable' 1:1 ratio as long as male and female offspring were equally costly to produce. It is well documented that Fisher's argument can be invalidated by a number of genetic and behavioral asymmetries (e.g. Hamilton 1967 , Maynard Smith 1978 , Frank 1989 , Werren & Beukeboom 1998 . Understanding the mechanism(s) producing a non-random sex ratio provides insight to a population's evolutionary history and its structure with regard to competition for mates and resources. Less well understood are the consequences of skewed sex ratios, including low reproductive success or even failure, which may provide insight into the stability and cost of sex bias.
Reproductive failure in plants is a result of complications during pollination, fertilization, or fruit or seed maturation. Two factors often cited as influencing plant reproductive success are pollen availability to ovules (reviewed by Ashman et al. 2004 , Knight et al. 2005 ) and resources available for fruit and seed maturation (Stephenson 1992) . These factors may work independently or they may jointly contribute to seed production or limitation (e.g. Campbell & Halama 1993) . While resource limitation does occur (Knight et al. 2006) , recent meta-analyses and models of seed production indicate that pollen limitation is a common cause of low reproductive success (Burd 1994 , Larson & Barrett 2000 , Ashman et al. 2004 , Knight et al. 2005 .
Reproductive failure may occur if the pollen received is insufficient, excessive, delayed, or overly mixed in composition (Wilcock & Neiland 2002) , factors that can arise from skewed sex ratios or flowering asynchrony. Pollen limitation may result from an inadequate quantity or quality of pollen received by the stigmas. Deleterious effects from pollen quality occur where self-generated or related pollen disables ovaries by preventing cross-pollination and decreasing seed production (Aizen & Harder 2007) .
Proximity of males and females can greatly influence reproductive success, particularly for obligate outcrossing species such as Phyllo spadix torreyi (Torrey's surfgrass). Pollen deposition is a predominantly localized process; pollen vectors typically disperse pollen locally (Harder & Barrett 1996) , and pollen density in anemophilic and hydrophilic plants rapidly decreases with distance from the pollen source (Okubo & Levin 1989 , Ruckelshaus 1996 , Ackerman 2002 . Reduced pollen reception occurs where plant density is low (Davis et al. 2004 , Steven & Waller 2007 or habitats are fragmented (Cascante et al. 2002 , Aguilar & Galetto 2004 . Loss of fecundity due to lack of spatial proximity is further compounded when overall pollen production is low due to male rarity or poor pollen quality; however, there are possible adaptations to alleviate these negative effects. Selection pressure on floral traits, e.g. increased attraction, nectar rewards, or high pollen: ovule ratios, and mating systems, e.g. evolution toward self-compatibility or anemophily (wind pollination), can mitigate limitations of pollen dispersal (reviewed by Knight et al. 2005) . For example, Burd's (1995) ovule packaging model proposes the evolutionary adaptation of producing excess ovules per flower where pollen receipt is unpredictable, as a form of bet hedging. Here, the fitness benefits of ovule overproduction are greatest where stigmatic pollen loads are variable and the costs of ovules are low (Burd 1995) . Documentation of pollen limitation and low reproductive success in dioecious plants with abiotic pollination is rare, and is often investigated using species in areas of fragmented habitats or low plant density (e.g. Steven & Waller 2007) . Among plants with abiotic pollination, nearly all reports address anemophilous plants. How aquatic plants adjust to pollen-limited conditions is an area that has received little attention to date; to our knowledge, only a few studies have examined the causes and consequences of reproductive failure in dioecious hydrophilous, or water-pollinated, plants (Shelton 2008 , 2010c , Van Tussenbroek et al. 2010 ).
Marine angiosperms, or seagrasses, are a polyphyletic group in which dioecy is the most common mating system, expressed in 78% of species and 9 of 13 genera (Pettitt et al. 1981) . They are highly specialized plants with uniquely evolved functional morphologies such as reduced flowers that facilitate submarine pollination (Ackerman 2006). While such adaptations promote pollination and fertilization, reproductive success and outcrossing rates in hydrophilic plants are also influenced by physical factors (depth and currents; Ackerman 2000) and density of flowering shoots (Reusch 2003 , Van Tussenbroek et al. 2010 . Reproductive success of some dioecious seagrass species, measured as fraction of fertilized ovules, is well below the potential maximum of 1.0 (Shelton 2008 , Van Tussenbroek et al. 2010 . Much of seagrass reproduction is clonal, yet sexual reproduction appears to be important based on evidence of high outcrossing rates for a variety of seagrass species (Reusch 2000 , Waycott et al. 2006 ). For seagrasses, few studies have examined the influence of unequal sex ratios on seed production. Most populations of Phyllospadix spp. are female-biased (see below), but seed production estimates range widely, from nearly 100% successful (Williams 1995 , Reed et al. 2009 ) to nearly 100% failed (Shelton 2008) .
Phyllospadix torreyi, an important foundation species of the rocky intertidal (Shelton 2010a ) from Baja California (Mexico) to Canada (Phillips 1979) , is dioecious and produces sexually dimorphic flowers within spadices. Flowering shoots contain multiple spadices, typically 5, housing many uniovulate flowers or anther pairs (den Hartog 1970 , Williams 1995 . With single-seeded fruits, measurements of fruit and seed production are equivalent; in this paper we refer only to seed production. Flowering buds are formed in late spring, and pollination extends from early summer to early fall (Reed et al. 2009 ). The range of pollen transport is unknown for P. torreyi; in other seagrass species with filiform pollen it is on the order of tens of meters or less (Ruckelshaus 1996 , Verduin et al. 1996 , Ackerman 2002 . Fruit development typically occurs throughout the summer, with full maturation requiring ~3 mo; peak seed dispersal is completed by mid-fall (Reed et al. 2009 ). P. torreyi and its congeners are found along rocky shorelines of the northern Pacific Ocean. Phyllospadix spp., unlike most seagrasses which are found in comparatively calm water estuaries or embayments, are exposed to turbulent, high wave energies which may influence the scale of pollen and seed dispersal. For another open-coast plant, the giant kelp Macrocystis pyrifera, Gaylord et al. (2006) found that turbulence and wave-driven processes were important to localized spore transport.
Female-biased sex ratios have been documented for the genus Phyllospadix (Williams 1995 , Shelton 2008 , 2010b , and recent work has shown that sex ratios can vary among spatially segregated populations (Addison 2009 , Reed et al. 2009 . A variety of mechanisms may produce skewed sex ratios of flowering shoots, including spatial segregation of the sexes, non-random production of gender, or differential mortality or growth. Sex determination mechanisms in Phyllospadix are unknown (Shelton 2010c ), but chromosomal rather than environmental determination has been suggested (Stewart & Rudenberg 1980) . Recent evidence suggests that spatial segregation of sexes is not occurring in this region (Addison 2009), contrary to previous reports (Williams 1995) . Genetic analyses of congener seedlings found seedling sex ratios near 0.5, changing to female bias with increasing clone age (Shelton 2010c) . Differential growth (Williams 1995) or mortality (Shelton 2008 (Shelton , 2010b may produce the observed skewed sex ratio. A demographic model of the congeners P. scouleri and P. serrulatus identified small sex differences in mortality over the lifespan of a genet, and some survival-reproduction trade-offs can generate stable but skewed sex ratios (Shelton 2010b) , resulting in a female bias near observed levels.
The variation in Phyllospadix torreyi sex ratio prompted us to examine how its sex ratios, and male rarity in particular, may influence seed production, seedling quality, and recruitment success. We identified the sex ratios of P. torreyi at a number of sites and hypothesized that seed production will be low where male flowering shoots are rare. We further hypothesized that reduced seed production should result in low recruitment success. Since seed production appears to occur on a localized scale (i.e. within a site; see our Results below and similar findings in congeners, Shelton 2008), we hypothesized that male rarity would result in lower quality fruits (potential mechanisms include lower pollen competition and reduced genetic diversity) relative to populations with sex ratios closer to 1:1. We examined differences in germination and growth of seeds produced at our study sites to determine whether density of male flowering shoots influenced seed quality.
MATERIALS AND METHODS

Study area and sampling design
This study was conducted between June 2007 and February 2008 along the east−west trending coastline of Santa Barbara County, California, USA (Fig. 1) . The region consists of a rocky intertidal environment, with some areas having boulder fields as opposed to continuous rocky shore. We established survey areas at 7 sites spanning a 50 km section of the coast (Fig. 1 ): Coal Oil Point (COP), Devereux (DEV), Hendry's Beach (HD), Miramar (MM), Loon Point (LP), Toro Canyon (TC), and Carpinteria Beach (CB). Survey areas extended 30 m alongshore, beginning at the shallowest edge of perennial surfgrass distribution, with variable cross-shore distances due to differences in slope (Table 1) . Survey areas were delineated with permanent markers as well as GPS coordinates, allowing an accurate location of the area at each sampling interval.
Sex ratio surveys
Sex ratios were determined for each site in summer 2007 (June to August) during periods of peak flowering. Within each survey area, a grid of 1 m 2 cells was constructed using transect tapes. We placed 1 m 2 quadrats throughout the survey area at randomly selected grid locations and counted the number of male and female flowering shoots (FS) per quadrat (n quadrats per site: COP = 133, DEV = 116, HD = 125, MM = 15, LP = 24, TC = 17, CB = 83). Flower development was synchronized, with anther release occurring while stigmas were exposed and receptive, enabling visual differentiation of male and female spadices in the field. Two estimates of local pollen production were measured: density of male FS (no. m −2 ) and sex ratio; direct pollen counts were not completed. Within the intertidal, the number of spadices per flowering shoot and pollen production per male flower was found to be relatively consistent in Phyllospadix torreyi elsewhere in California (Williams 1995) and was assumed to be uniform within and among study sites. Sex ratios were calculated as the proportion of male FS to total (sum of male and female) FS. While male density and sex ratio can be correlated, the 2 measures are related to absolute and relative pollen availability, respectively. Sex ratios were calculated using FS densities because estimates of sex ratios of individual genets are impossible for surfgrass without using genetic analysis, due to clonal growth (Shelton 2008 (Shelton , 2010c . Genetic analysis of the congeners P. scouleri and P. serrulatus showed that non-flowering males were rare (Shelton 2010c) , suggesting that flowering sex ratios reflect individual sex ratios in surfgrass. A Gtest of independence was used to examine amongsite differences in sex ratio; the sex ratio at each site was tested against a null expectation of an even sex ratio (0.5) using a binomial test (JMP 8.0, SAS Institute 2009).
Reproductive investment and success
We collected a minimum of 20 female FS from each site in October 2007, at the end of the fruit-ripening period but prior to mature seed dehiscence (n female FS: COP = 31, DEV = 31, HD = 32, MM = 32, LP = 34, TC = 40, CB = 23). Each spadix was examined under a dissecting scope, and all fruits and ovules were counted and assigned a developmental stage. Ovules were classified using 3 general categories: viable, grazed, and non-viable. Nonviable ovules included aborted (or halted) ovules. Aborted ovules remained small in size (3 mm width × 1 mm depth, 0.007 g) throughout development, and at advanced stages were uniformly brown-black and collapsed under light pressure. Viable ovules were initially identical in size to non-viable ovules but within a month after fertilization became large and swollen (4 mm width × 2 mm depth, 0.02 g). Mature fruits were taut and changed from uniformly green, to mottled green-brown, to brown-red just prior to dehiscence of fruits (hereafter referred to as seeds). Grazed fruits had extensive damage by herbivores (as described by Holbrook et al. 2000) . For this analysis, grazed fruits were included with viable ovules to quantify reproductive success; however, they were ultimately not viable due to endocarp damage. At each site, we measured female reproductive investment (RI) as the total ovule production per FS (sum of viable seeds, grazed fruits, and non-viable ovules) and the reproductive success ratio (RSR) per FS as the ratio of the total fertilized ovules (sum of viable Table 1 . Phyllospadix torreyi male and female flowering shoot (FS) densities (mean ± SE), sex ratios, and survey area across sites (alongshore × cross-shore). Sex ratios were tested against a null expectation of 0.5 using a binomial test (among-site differences; G = 1027.36, p < 0.0001, df = 6). ns: not significant, *p < 0.05, **p < 0.01. Site codes as in Fig. 1 and grazed) to total ovules, and asked whether variation in proxies for pollen production (i.e. density of males or sex ratio) explained the measures of RI and RSR at each site. RI and success ratios (RSR) of female FS were compared among sites using a 1-way analysis of variance (ANOVA; JMP 8.0, SAS Institute 2009). Model residuals were examined for normality using quantile plots. To address non-normality, an arcsine squareroot transformation was applied to the RSRs, and a square-root transformation was used for RI. Post hoc contrast tests were performed for RI and RSR for all sites. For between-site comparisons, a sequential Bonferroni correction was applied to results from Student's t-tests to control group-wide Type I error rates (Rice 1989) . We used pairwise correlations (Pearson and Spearman's) to evaluate the relationship between pollen production and reproductive success.
Because of the near complete lack of seed production at CB in 2007, a small experiment was completed in 2008 at CB to evaluate whether female flowering shoots from there were capable of producing fruit when supplemented with pollen. In June 2008, 4 male flowering shoots with anthers partially dehisced were collected from MM. One anther per FS was released into ~500 ml of seawater and agitated. At CB, 15 female FS with spadices containing flowers ready to be pollinated (stigmas recently exposed, erect, and not wilted) were marked using bird bands and survey grid coordinates (along shore, crossshore distance). Dialysis tubing, which allows water diffusion but retains higher molecular weight compounds (i.e. pollen) within the tube, was cut into sections longer than the spadix length (about 10 cm), knotted at 1 end, and filled with pollen−seawater mixture (~20 ml). The target spadix was placed in the tubing; the tubing was secured to the base of the spadix with waterproof tape. The pollen-filled tubes were removed after 24 h. In September, the treated spadices were recovered and examined for evidence of fruit development.
Seed recruitment
To determine whether seed recruitment of Phyllospadix torreyi occurred on a geographically closed (within site) or open (between site) scale, we examined the relationship between seed production and recruitment at the study sites. Surfgrass seed recruitment was measured as the density of seedlings. Surfgrass seeds have a dormancy period of 6 wk (Kuo et al. 1990 ), so seedlings observed in winter were most likely released as seeds during the previous summer. We surveyed seed recruitment at all sites in February 2008. The seedling survey area encompassed the survey grid used at each site and the area shoreward of the grid that was within the realm of potential seed dispersal. Seed recruits were counted in randomly placed 0.09 m 2 quadrats within 3 elevation zones (n quadrats per site: COP = 64, DEV = 64, HD = 64, MM = 49, LP = 30, TC = 29, CB = 68). We designated the elevation zones relative to the existing surfgrass beds at each site: high (> 2 m above perennial surfgrass distribution), middle (± 2 m from highest edge of perennial surfgrass distribution), and low (> 2 m below perennial surfgrass distribution, extending to lowest accessible point). Surfgrass seeds are known to recruit to 'host' plants with branches capable of trapping seeds (i.e. surfgrass or algae, Turner 1983 , Blanchette et al. 1999 . For each seedling encountered, we identified the host species and visually estimated the percent cover of recruitment habitat, defined as basal area occupied by each individual potential host found within the quadrat. Distinguishing between seedling species was not necessary because all study sites were monospecific P. torreyi beds.
We predicted seed recruitment density using a forward step-wise variable selection procedure using the 'step' function in R software (R Development Core Team 2011). Independent variables included elevation zone, mean seed production (no. m −2 ) from the previous summer at each site, percent cover of recruitment habitat (all host species combined), and all possible interactions. Only seed production, elevation, and the interaction of production and elevation contributed to the final model. Seed production per unit area was calculated for each site using the product of the mean viable seed production per flowering shoot and mean female flower densities. Seed production and seed recruitment density were log transformed to meet model assumptions.
Seed germination success
A seed germination trial was conducted to evaluate the possible consequences of reduced pollen competition to seed quality and germination, using a common garden experiment. We used seeds produced at sites spanning a range of sex ratios to examine whether germination success and seedling growth varied among sites and whether pollen production explained the variability in germination and vigor.
A minimum of 20 fruiting shoots per study site were randomly collected in October 2007. Mature seeds were readily removed following gentle pressure applied to the spadix as described by Reed et al. (1998) . Over 75 mature seeds were collected from each site (excluding CB and COP due to a lack of mature seeds), placed in discrete containers, and randomly distributed within a flow-through seawater tank system (n seeds per site: COP = 6, DEV = 100, HD = 100, MM = 136, LP = 78, TC = 106, CB = 2). Tank conditions were maintained at salinity of 30 ppt and water temperature of 15°C, with a 14:10 h light:dark cycle, representing natural conditions in the Santa Barbara region (Reed et al. 1998 ). Ambient greenhouse light was supplemented with a full spectrum fluorescent light to match the natural light:dark cycle. Seed germination was monitored daily for 32 d post-dehiscence. Daily counts of germinated seeds, or germlings, allowed for calculation of total days of growth for each individual seedling. At the conclusion of the germination trial, all seeds and germlings were counted, and total leaf production (mm 2 ; length × width of all leaves per germling) was measured with digital calipers to quantify germling vigor.
We compared the fraction of germinated seeds among sites using a chi-squared contingency test (JMP 8.0, SAS Institute 2009). Vigor of the germling, measured as leaf production (mm 2 ), was predicted using a forward stepwise selection in R software (R Development Core Team 2011) as a function of total days of growth, site, and male FS density. Total days of growth and leaf area production were log transformed. Total days of growth was the only contributing factor in the final model.
RESULTS
Sex ratio surveys
Female and male FS were found at all sites with the exception of CB, where only females were found. Generally, female FS occurred at higher densities than male FS, ranging from 1.9 to 18.4 females m −2 and 0 to 15.8 males m −2 (Table 1) . Male FS were less abundant than female FS at all sites, and sex ratios among sites were significantly different (G = 1027.36, p < 0.0001, df = 6). The mean sex ratio among sites was 0.25, with a significant deviation from equal fractions of male and female FS (sex ratio = 0.5) found at all sites but MM (Table 1) . Sites LP and TC were less biased towards females than the remaining 4 sites (COP, DEV, CB, and HD).
Reproductive investment and success
Across sites, female FS had an average of 5 spadices FS , and a mean RI of 56.5 ovules FS −1 (range: 44−72). Comparisons of RI identified significant differences among sites ( Fig. 2A, Table 2 ). Fruit herbivory was low (range: 0.4−1.4% of ovules) compared to non-viable ovules (range: 27−97.4% of ovules) at all sites.
At all sites, the RSR was significantly lower than the maximum of 1.0 (Fig. 2B) . RSR varied significantly among sites, ranging from 0.02 to 0.707 with a mean of 0.219 for all sites combined (Fig. 2B , Table 2 ). The 2 sites (CB and COP) with the lowest measures of pollen production (male FS density and sex ratio) had significantly lower RSR than all other reproductive success ratio, i.e. fertilized ovules:total ovules, across the study sites in 2007 in Santa Barbara County, California, USA. Like letters indicate no significant difference between mean values as determined by Students t-tests for individual comparisons with subsequent p-value adjustment using sequential Bonferroni analysis (Rice 1989) . Site codes as in Fig. 1 sites (Fig. 2B ). The site with the highest measures of local pollen production (MM) had a significantly higher RSR than all other sites (Fig. 2B) . Much of the RSR variability among sites was explained by local pollen production (Fig. 3) . We found significant positive relationships between RSR and the measures of local pollen production ( Fig. 3 ; identical conclusions emerge with Spearman's rank test, conducted on untransformed individual FS data; sex ratio: ρ = 0.681, p < 0.001; male FS density: ρ = 0.681, p < 0.001). Sites with extremely low sex ratios (CB and COP) and extremely low densities of male FS had the lowest RSR, while the site with the highest sex ratio and male FS density (MM) had the highest RSR. Values of RSR for all other sites with intermediate levels of pollen production fell between these limits, but not in a linear manner. Removing the site with the highest RSR (MM), the relationships between RSR and pollen production metrics remained highly significant (Pearson correlation, conducted on transformed individual FS data; sex ratio: r = 0.483, p < 0.001; male FS density: r = 0.274, p = 0.001).
Only 2 spadices were recovered from the pollen supplementation experiment. Although our spadix recovery was low, the technique was successful. The treatment spadices had already released their fruits but the scars on the spadix were indicative of successful fruit development and release. Each treatment spadix had 8 ovules which were presumed to have developed into mature fruits (RSR per spadix = 0.88 and 0.73) with few non-viable ovules (n = 3 and 1 per spadix). A lower percentage of non-viable ovules was found in 2008 under pollen-supplemented conditions (mean 19%) than in 2007 under ambient conditions (mean 97.4%).
Seed recruitment
Phyllospadix torreyi seedlings were found attached to a variety of host flora within all elevation zones and sites during the February 2008 surveys. Three species, Chondracanthus canaliculatus, Gracilaria sp., and Corallina sp. comprised over 69% of the habitat cover and were hosts to over 86% of the total seedlings counted. Densities ranged from 3 to 24 seedlings m −2 , with a mean across-site density of 15.2 seedlings m −2 . We found both seed production and distribution across tidal elevation to be significantly correlated with recruitment (Table 3) Mean seed recruitment at a site was positively related to seed production from the previous summer, with the lowest recruitment at sites of lowest production (CB, COP, DEV) and highest recruitment at the site of highest production (MM). At all elevations, seed recruitment increased as seed production increased, but the rate of increase was less at high elevations (Fig. 4) . Although seedlings depend on a facilitative host to successfully establish, available recruitment habitat was not a significant predictor of seedling recruitment.
Seed germination success
Phyllospadix torreyi seeds successfully germinated in the lab without seed scarification or a period of dark adaptation. We found high rates of seed germination (mean of 83%) occurring in equal fractions among sites (n = 520, df = 4, Pearson's correlation χ 2 = 6.54, p = 0.1626). All sites demonstrated approximately 1 wk of dormancy prior to initiation of germination (Fig. 5) . Rate of germination varied among sites, with the most rapid germination occurring at DEV and slowest overall germination at LP. All seedlings continued to grow throughout the experiment, and no post-germination mortality was observed. In the common garden experiment, we found no significant differences in growth among seedlings collected at the various sites. Total days of growth explained the majority of variation of leaf production (Table 4 ; F-ratio = 2258.6, p < 0.001); all other factors and their interactions (site and male density) did not contribute to the final model. Thus, under optimal growing conditions, we found no effect on seed germination or leaf area when a seed was fertilized under varied conditions of pollen production.
DISCUSSION
We found evidence of pollen limitation in Phyllospadix torreyi. Sites with extremely low ) as a function of elevation and mean seed production within the survey area (see 'Materials and methods'). Independent variables were selected using forward stepwise analysis from the following list: elevation, production, cover, and all possible interactions. Seed production was based on fruiting density in the previous summer male density had low seed production, suggestive of inadequate pollen deposition. This is often the cause of low seed production rates in terrestrial perennial plants (see reviews by Burd 1994 , Ashman et al. 2004 , Knight et al. 2005 , and supports the idea that surfgrass pollination occurred over a limited spatial scale. Across the geographic extent of this study, P. torreyi female reproductive success appeared limited more by pollen than by maternal resource provisioning. Recent reviews of terrestrial plants have also provided evidence for pollen limitation (Burd 1994 , Larson & Barrett. 2000 , Knight et al. 2005 , challenging the long-standing paradigm of resource limitation as driving female reproductive success in plants (Lee & Bazzaz 1982 , Campbell & Halama 1993 . Our estimates of RSR were low, with some sites producing no fertilized ovules. The range of RSR recorded here is comparable to those of 2 congeners, Phyllospadix serrulatus and P. scouleri (Cox et al. 1992 , Shelton 2008 , but less than those for P. torreyi at another location in California (Williams 1995) . Despite a low RSR, it is important to consider reproductive success (i.e. seed production, establishment, and survival) over the entire lifespan of a genet. As long-lived, clonal perennials, surfgrasses have the ability to reproduce sexually and asexually (vegetative propagation). There is no evidence for apomixis here or in other surfgrasses (Cox et al. 1992 , Williams 1995 , Shelton 2008 . It is likely that both sexual and asexual reproduction are important for surfgrass bed maintenance, improving both shortand long-term population stability (see Ackerman 2006 for summary), but genetic recombination can only be achieved with sexual reproduction. Although attached rhizomes can be fragmented and live (Shelton 2010b), it is not known whether vegetative fragments can reestablish once dislodged, so it is broadly suspected that seed and pollen transport are the only way gene flow occurs over long distances.
While we found a significant relationship between local pollen production and RSR, this relationship was not linear. The extremely low RSRs observed at sites where males were rare suggest that a minimum threshold density of male flowering shoots (~0.3 male FS m −2 ) may be needed for successful fertilization. To the extent that sexual reproduction contributes to population growth, this is suggestive of a pollenlimited Allee effect (Ashman et al. 2004) , as has been observed in other abiotically pollinated species (Davis et al. 2004 , Steven & Waller 2007 . The role of sexual reproduction in surfgrass population maintenance and growth has not been quantified. It is likely similar to other long-lived seagrass species, where sexual reproduction contributes to both short-and long-term population persistence (Ackerman 2006) . Although the pollen load required for fertilization in Phyllospadix torreyi is unknown, it has one of the largest pollen:ovule ratios among plants (1.8 × 10 4 to 2.5 × 10 4 :1; Williams 1995). For comparison, Van Tussenbroek et al. (2010) found that 6.7 × 10 4 pollen per ovule were required for optimal fertilization of the dioecious aquatic angiosperm Thalassia testudinum. Also, 1000 to 10 000 pollen grains were needed to fertilize 1 Zostera marina ovule (Ackerman 2002). However, Z. marina is monoecious and capable of self-fertilization, and pollen densities needed to fertilize an ovule for the dioecious P. torreyi may be much greater. Intermediate measures of pollen production (male FS density and sex ratio) increased RSR to near the mean at sites where male densities exceeded 0.36 FS m −2
. Similar RSR among sites with a range of male densities suggests that other mechanisms may be controlling fertilization success once some threshold of pollen density is achieved.
In this study, male density explained ~40% of the variability in RSR. Other possible explanatory factors include spatial isolation of flowering shoots (Reusch 2003) , seed predation (Holbrook et al. 2000) , flowering asynchrony (Post et al. 2001) , maternal resource provisioning (Zimmerman & Pyke 1988) , and poor pollen quality (Aizen & Harder 2007 ). Relatively little grazing or predation was observed (< 2% of all ovules) in this study. Asynchronous flowering is an unlikely cause of reproductive failure because we observed males in anthesis when female stigmas were exposed. Although the pollen supplementation experiment was small and lacked controls, the data are suggestive that maternal resources appear not to be limiting. Further study is needed to conclusively rule out resource limitation as a contributing factor to reproductive failure here; elsewhere for congeners, the production of surfgrass reproductive structures has been suggested to be not very costly (Shelton 2010c ) as a function of total days of growth. Independent variables were selected using forward stepwise analysis from the following list: total days of growth, male flowering shoot density, site, and all possible interactions may have occurred and include incompatibility of pollen and ovule genotypes, mutation load, and pollen−style interactions (Ackerman 1993 , Aizen & Harder 2007 ). Although we cannot conclusively identify pollen quality or pollen receipt as the cause of low reproductive success, the pollen production data strongly suggest the latter. The low RSRs observed may partly be a result of variability in RI, as evidenced by the large number of ovules at the site of lowest male density. Although testing for evidence of bet hedging was beyond the scope of this study, the among-site variability we observed in total ovule production merits further investigation. The decreasing RSR with increasing distance from a pollen source documented for two Phyllospadix torreyi congeners (P. souleri and P. serrulatus) is consistent with the pattern expected when pollen is retained within the area of release (Shelton 2008) . It is likely that pollen do not disperse widely because of the dampening of water flow velocity and turbulence within the surfgrass canopy. Although flow within surfgrass meadows has not been quantified, a nearly universal dampening of flow within seagrass canopies has been documented (Fonseca et al. 1982 , Verduin & Backhaus 2000 with an exponential de cline in pollen availability as a function of distance from male flowers (Ruckelshaus 1996 , Ackerman 2002 . Thus the majority of pollen is expected to be retained locally, with some long-distance dispersal predicted based on the leptokurtic shape of the dispersal probability distribution. No males were observed at CB, yet 9 maturing fruits were found among >1500 ovules examined (n = 23 FS). Eight of the 9 fruits were attached to a single flowering shoot, suggesting that pollen dispersal was a highly patchy and stochastic occurrence.
As with pollen dispersal, seed recruitment appeared to be a localized process with some dispersal over longer distances, similar to what was found for Phyllospadix torreyi elsewhere in Santa Barbara County (Reed et al. 2009 ), as well as for the congeners P. serrulatus and P. scouleri (Shelton 2008) . Taking into account the effect of elevation, the variable relationship between seed production and recruitment may be due to the timing of the seed recruitment study (February 2008) or additional seed transport from neighboring areas. Our seed recruitment data are measured as the density of successful recruits, or attached seedlings, at each site. The potential mortality that occurred between fruit release (fall 2007) and attachment was not quantified, but may have affected the seed production− recruitment relationship observed here. Surfgrass seeds suffer high rates of mortality due to dislodgement from host plants, burial, desiccation (Turner 1983) , and grazing (Holbrook et al. 2000) . Seed mortality rates are lower where recruitment occurs under a surfgrass canopy (Shelton 2010c) , and are likely higher at sites where recruitment predominantly occurred within the high elevation zone. A net onshore transport of seeds was identified, with seed recruitment greatest in the high elevation zone and lowest in the low zone. Recruitment to this exposed zone increased the likelihood of seed desiccation and dislodgement by winter storms.
Seed germination across the study sites was high and began following approximately 1 wk dormancy, shorter than that observed by Reed et al. (2009) . The common-garden experiment was stopped 32 d after outplanting, and at this time the rate of germination was greatly reduced but had not reached 0. Had the trial been extended, some additional germination may have occurred. Germination of the seeds reached 74 to 88% by Day 32, similar to previous studies (72 to 81%; Reed et al. 1998) . No seedling mortality was observed during the study period. Seed viability and early-stage seedling vigor were not affected by differences in male density or sex ratio, and thus environments with varied pollen production appear to sire seeds of similar quality (but not quantity).
In summary, we found sites with strongly skewed populations with female-biased sex ratios and 1 site composed exclusively of females, similar to other studies (Cox et al. 1992 , Williams 1995 , Shelton 2008 , 2010b . At a few sites, males and females occurred in equal or nearly equal proportions. The density of male flowering shoots and degree of sex ratio bias appears to directly affect reproductive success at a site. Our results indicated that reproduction and recruitment of the surfgrass Phyllospadix torreyi occur on a scale generally localized to the parental source (10s of meters). Seed production was highly dependent on the local pollen production (≤50 m), quantified by sex ratio and male flowering shoot density. Seed recruitment was predicted by local (site) seed production and elevation zone. The occurrence of seed production and recruitment at sites with extreme male rarity suggests some dispersal of seed and pollen extending beyond the immediate vicinity of the site. Even incidental events of dispersal over longer distances may have influential effects by facilitating gene flow between populations and colonizing newly available habitat. 
